Molecules and Cells

The Chromatin Accessibility Landscape of
Nonalcoholic Fatty Liver Disease Progression

Byeonggeun Kang', Byunghee Kang?, Tae-Young Roh?, Rho Hyun Seong"*, and Won Kim®*

'Department of Biological Sciences, Institute of Molecular Biology & Genetics, Seoul National University, Seoul 08826, Korea,
“Department of Life Sciences, Pohang University of Science and Technology (POSTECH), Pohang 37673, Korea, *Department of
Internal Medicine, SMG-SNU Boramae Medical Center, Seoul National University College of Medicine, Seoul 07061, Korea
xCorrespondence: rhseong@snu.ac.kr (RHS); drwon1@snu.ac.kr (WK)

https://doi.org/10.14348/molcells.2022.0001
www.molcells.org

The advent of the assay for transposase-accessible chromatin
using sequencing (ATAC-seq) has shown great potential as
a leading method for analyzing the genome-wide profiling
of chromatin accessibility. A comprehensive reference to the
ATAC-seq dataset for disease progression is important for
understanding the regulatory specificity caused by genetic or
epigenetic changes. In this study, we present a genome-wide
chromatin accessibility profile of 44 liver samples spanning the
full histological spectrum of nonalcoholic fatty liver disease
(NAFLD). We analyzed the ATAC-seq signal enrichment,
fragment size distribution, and correlation coefficients
according to the histological severity of NAFLD (healthy
control vs steatosis vs fibrotic nonalcoholic steatohepatitis),
demonstrating the high quality of the dataset. Consequently,
112,303 merged regions (genomic regions containing
one or multiple overlapping peak regions) were identified.
Additionally, we found differentially accessible regions
(DARs) and performed transcription factor binding motif
enrichment analysis and de novo motif analysis to determine
new biomarker candidates. These data revealed the gene-
regulatory interactions and noncoding factors that can
affect NAFLD progression, In summary, our study provides a
valuable resource for the human epigenome by applying an
advanced approach to facilitate diagnosis and treatment by
understanding the non-coding genome of NAFLD.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a metabolic dis-
ease in which fat accumulates in the liver without significant
alcohol intake (Cholankeril et al., 2017). NAFLD includes
both nonalcoholic fatty liver or simple steatosis, which is a
relatively early stage of disease and low risk, and nonalcoholic
steatohepatitis (NASH), which is an advanced condition with
inflammation and fibrosis (Schuster et al., 2018). Due to the
complicated and multifactorial mechanisms underlying the
development and progression of NAFLD, our understanding
of NAFLD remains insufficient.

Genetic alterations associated with NAFLD may play a role
in the pathology thereof. Single nucleotide polymorphisms
of PNPLA3, GCKR, and TM6SF2 are known genetic changes
associated with NAFLD progression (Sliz et al., 2018). Ge-
nomic, transcriptomic, and epigenomic analyses of tissue
samples from NASH patients have recently been reported
and potential biomarkers for NAFLD have also been suggest-
ed (Govaere et al., 2020; Oh et al., 2020). Another study also
compared the changes in DNA methylation throughout the
genome to identify epigenetic markers associated with NA-
FLD severity (Loomba et al., 2018). These studies led to the
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identification of several biomarkers specific to various stages
of NAFLD progression. However, they are still insufficient to
accurately diagnose the stages of NAFLD progression, which
is significantly affected by several environmental factors.
Thus, epigenetic analysis of the NAFLD progression is essen-
tial for understanding the development and progression of
the disease.

In recent years, the assay for transposase-accessible chro-
matin using sequencing (ATAC-seq) has enabled the ge-
nome-wide profiling of chromatin accessibility (Corces et al.,
2017). Particularly for small amounts of frozen tissues, ATAC-
seg has shown wide applicability; however, it has not yet
been conducted for NAFLD. Here, we report a comprehen-
sive epigenomic analysis using ATAC-seqg technology across
the full histological spectrum ranging from healthy controls
to fibrotic NASH in an Asian biopsy-proven NAFLD cohort
(Kim et al., 2017; Yoo et al., 2021). This provides a valuable
resource that can be used to elucidate transcriptional regula-
tion. This study may also help to understand NAFLD caused
by regulatory dysfunction.

MATERIALS AND METHODS

Sample collection

The use of human liver samples was approved by the Insti-
tutional Review Board (IRB) of SMG-SNU Boramae Medical
Center (IRB No. 16-2014-86). All participants were informed
of the study protocol and provided written and signed con-
sent. The analyzed population consisted of 19 male and 25
female study subjects, aged 19-80, who visited SMG-SNU
Boramae Medical Center. Liver histology was assessed us-
ing the NASH Clinical Research Network (CRN) histological
scoring system (Sanyal et al., 2021). NAFLD was defined as
the presence of >5% macrovesicular steatosis. We graded
steatosis, lobular inflammation, and ballooning according to
the NAFLD activity score (Kleiner et al., 2005). NASH was de-
termined based on an overall pattern of histological hepatic
injury consisting of steatosis, lobular inflammation, and bal-
looning according to the criteria of Brunt et al. (1999; 2011).
Fibrosis was assessed according to a 5-point scale proposed
by Brunt and modified by Kleiner et al. (2005): FO, absence
of fibrosis; F1, perisinusoidal or periportal fibrosis; F2, peris-
inusoidal and portal/periportal fibrosis; F3, bridging fibrosis;
and F4, cirrhosis (Kleiner et al., 2005). Then, we categorized
all study subjects into healthy control, steatosis, and fibrotic
NASH according to the histological spectrum of NAFLD. Liver
tissues were obtained from 44 individuals through percuta-
neous needle liver biopsy. Each sample was quickly frozen
in liquid nitrogen and stored until nuclei extraction was per-
formed.

The isolation of nuclei and the transposition for ATAC-seq
The flash-frozen tissues were manually dissociated. Isolated
nuclei were quantified using a hemocytometer, and 100,000
nuclei were tagmented as previously described (Buenrostro
et al., 2013), with some modifications (Corces et al., 2017)
using the enzyme and buffer provided in the Nextera Library
Prep Kit (lllumina, USA). The tagmented DNA was then pu-
rified using the MinElute PCR Purification Kit (Qiagen, Ger-
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many), amplified with 10 cycles of polymerase chain reaction
(PCR), and purified using Agencourt AMPure SPRI beads
(Beckman Coulter, USA). The resulting material was quan-
tified using the KAPA Library Quantification Kit for lllumina
platforms (KAPA Biosystems, USA), and sequenced with
PE42 sequencing on the NextSeq 500 sequencer (lllumina).

ATAC-seq and computational analysis

ATAC-seq library construction was processed. All ATAC-seq
libraries were sequenced on the lllumina NextSeq 500 with
42 bp paired-end reads. The reads were aligned to hg38 ge-
nome using bowtie2-2.3.4.1 (Langmead and Salzberg, 2012)
with parameters “k 4 --end-to--end”. The reads with dupli-
cates and aligned to mitochondrial DNA were excluded using
SAMtools-1.7 (Li et al., 2009) for further analysis. To correct
a bias caused by tn5 transposase, all mapped reads were
offset by +4 bp for the + strand and -5 bp for the — strand
(Buenrostro et al., 2013). To build bigwig track, genomeCov-
erageBed and bedGraphToBigWig were used. MACS2-2.1.2
(Zhang et al., 2008) was used to call peaks for each sample
with parameters “-g 0.05 --nomodel --shift -100 --extsize
200” and peaks on ENCODE blacklist v2 regions were exclud-
ed (Amemiya et al., 2019).

Identification of differentially accessible regions (DARs)

DiffBind (Ross-Innes et al., 2012) was used to select differen-
tially accessible peaks with FDR (false discovery rate) < 0.05.
The de novo motif analysis was performed with DREME and
best matches with JASPAR 2018 CORE motifs (Khan et al,,
2018) were found using TOMTOM in MEME-suite version
5.0.5 (Bailey et al., 2015). GREAT (genomic regions enrich-
ment of annotations tool) was used to link sets of genomic
regions to putative biological functions based on the func-
tional annotations of the nearby genes (McLean et al., 2010).

Data deposition and code availability
The NGS sequence data generated in this paper have been
deposited in the National Center for Biotechnology Informa-
tion (NCBI) Sequence Read Archive (https://dataview.ncbi.
nlm.nih.gov/object/PRINA725028?reviewer=535ltoopds-
44f3nkkird9alha4).

The code used for data analysis is available at https://
github.com/sysgenlab/Steatosis.

RESULTS

Chromatin accessibility landscape of NAFLD progression

To determine the chromatin accessibility of NAFLD progres-
sion, ATAC-seq was performed on liver biopsy samples (Fig.
1A, Supplementary Tables ST and S2). Liver tissues were ob-
tained from 44 individuals, consisting of 4 healthy controls,
19 simple steatosis patients, and 21 fibrotic NASH patients,
through percutaneous needle liver biopsy. The clinical fea-
tures are presented in Table 1. The clinical information includ-
ed sex, age, body mass index (27.6 + 3.5 kg/m?, mean + SD),
diabetes mellitus, grade of steatosis, steatosis score, lobular
inflammation, portal inflammation, hepatocyte ballooning
degeneration, NAFLD activity score, gamma-glutamyltrans-
ferase, fasting blood sugar, homeostatic model assessment
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Fig. 1. Chromatin accessibility landscape of NAFLD progression. (A) The workflow overview of the experiment. Forty-four liver
samples obtained from the NAFLD study cohort were collected for ATAC-seq profiling. (B) The ATAC-seq signal enrichment around the
transcription start sites (promoters), gene bodies and merged peak regions for 3 representative samples (N4, S5, F17). Tag distributions
across target regions such as promoters (transcription start sites), gene bodies, or merged peak regions were determined and presented
as heatmaps (values in z-axis/color, regions in y-axis). The data were clustered (5 clusters; indicated by C1-C5) and sorted for the
heatmaps. (C) The average plot of ATAC-seq profiles for the 14 representative samples (N4, S3, S5, S9, F8, F12-14, F16-21). Tag
distributions across target regions such as promoters, gene bodies, or merged peak regions were determined and presented as average
plots (average of values for all target regions). (D) The insert size distribution of ATAC-seq profiles for the same samples shown in Fig. 1B.
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Table 1. Clinical information

Characteristics No NAFLD (n =4) Steatosis (n=19) Fibrotic NASH (n=21)

Sex, male/female 3/1 10/9 6/15
Age (y) 440+£12.1 553+12.7 539+16.4
BMI (kg/m?) 26.1+£36 271124 28.3+4.1
DM (%) 25.0 421 23.8
Grade of steatosis

<5% 4 - -

5%-33% - 13 9

34%-66% - 5 7

>66% - 1 5
Steatosis score 0+0 14+06 1.8+0.8
Lobular inflammation

Grade 0 (no foci) 1 11 -

Grade 1, <2 foci/200x 3 8 13

Grade 2, 2-4 foci/200x - 7

Grade 3, >4 foci/200x - - 1
Portal inflammation

Grade 0, none 1 12 6

Grade 1, mild 3 7 8

Grade 2, moderate - - 6

Grade 3, severe - - 1
Ballooning

Grade 0, none 3 18 2

Grade 1, few 1 1 15

Grade 2, many - - 4
NAS 1.0+£0.7 1.8+1.0 44+10
GGT (IU/L) 385+21.8 38.2+40.4 68.6+40.8
FBS (mmol/L) 105.5+129 103.8+22.8 11491264
HOMA-IR 2210 39+£19 6.2+t4.1
Cholesterol (mg/dl) 159.5+17.3 17611422 176.0£ 394
HDL (mg/dl) 443+8.1 422+£105 481+£109
TG (mg/dl) 115.3+£28.8 159.0 £48.8 1482 +71.7
HbA1c 62%t1.2 6.1+£0.6 64+13

Data are presented as number only, mean + SD, or % only.

BMI, body mass index; DM, diabetes mellitus; NAS, NAFLD activity score; GGT, gamma-glutamyltransferase; FBS, fasting blood sugar;
HOMA-IR, homeostatic model assessment of insulin resistance; HDL, high-density lipoprotein; TG, triglyceride; HbA1c, hemoglobin Alc

(glycated hemoglobin).

of insulin resistance, cholesterol, high-density lipoprotein,
triglyceride, and hemoglobin A1c.

Data quality control from the pipeline with the fraction of
reads in peaks quality control

We evaluated our ATAC-seq dataset using a series of com-
monly used statistics, including the number of total aligned
pairs, overall alignment rate, de-duplicated pairs, non-mi-
tochondrial, non-redundant fraction, PCR bottleneck coef-
ficient 1, PCR bottleneck coefficient 2, total reads, and the
fraction of reads in peaks (FRiP) (Table 2). For each sample,
we obtained an average of 50 million reads. The library
complexity was measured using the non-redundant fraction,
PCR bottleneck coefficient 1, and PCR bottleneck coefficient
2. The successful detection of accessible regions is also sup-
ported by the observation of strong enrichment of ATAC-seq
reads around transcription start sites (+/- 5 kb, “promoters”),
gene bodies (with 2 kb flanking regions), and merged peak
regions (equating to all peak regions; +/- 5kb) (Figs. 1B and
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1C). ATAC-seq signals are enriched at promoters and merged
peak regions, indicating the acceptable quality of the ATAC-
seq data. Additionally, the chromatin accessibility fragments
showed mainly a mononucleosome peak (Fig. 1D). Together,
these results show that high-resolution chromatin accessibil-
ity can be obtained from low amounts of frozen tissue sam-
ples. We identified accessible regions by using the MACS2-
2.1.2 algorithm. We then applied the FRiP quality control
and filtered out low-quality data, which was defined as FRiP
scores that were less than 20%. Thus, we defined 14 profiles
as valid datasets for downstream analysis.

Evaluation of the ATAC-seq data sets

The similarity within each group is shown by heatmap cluster-
ing of Pearson correlation coefficients from the comparison
of 14 (>20 FRiP) ATAC-seq profiles (Fig. 2A). The correlation
heatmap generated by the cross-correlation of two samples
based on the read counts of all merged peaks showed a
similar pattern. Steatosis and fibrotic NASH were divided into
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Table 2. Data QC from the pipeline with FRiP quality control

Overall

Sample ID Status Total a!lgned alignment De-duphcated . Non- . NRF PBC1 PBC2 Total reads FRIP
pairs pairs mitochondrial (%)
rate (%)

ATAC-seqg N1 No NAFLD 34,188,152 87.19 22,598,816 22,063,501 0.947 00959 25.04 45,197,632 16.99
ATAC-seq N2 No NAFLD 41,351,167 96.6 24,225,839 23,495,342 0957 0.981 56.773 48,451,678 9.89
ATAC-seqg N3 No NAFLD 46,503,438 96.38 27,847,982 27,083,869 0.94 0.961 26.587 55,695,964 10.48
ATAC-seq N4 No NAFLD 33,112,227 88.67 19,673,067 19,043,100 0.948 0972 38.851 39,346,134 24.85
ATAC-seq S1  Steatosis 30,921,559 84.66 20,852,977 20,371,536 0.973 0983 61.007 41,705,954 1.6
ATAC-seq S2  Steatosis 31,751,201  88.97 18,743,955 18,106,790 0.941 0963 28.638 37,487,910 18.37
ATAC-seq S3  Steatosis 29,889,285 96.28 18,669,555 17,933,341 0.945 0964 29536 37,339,110 24.97
ATAC-seq S4  Steatosis 28,212,654  84.36 19,515,859 19,045,313  0.97 0.978 47.86 39,031,718 10.51
ATAC-seq S5  Steatosis 37,883,497 91.13 24,394,535 23,733,091 0.941 0.958 24.893 48,789,070 24.21
ATAC-seq S6  Steatosis 56,465,190  96.33 39,159,503 38,577,321 0961 0969 32522 78,319,006 6.67
ATAC-seq S7  Steatosis 50,806,877 92.73 32,286,048 31,576,587 0.949 0963 27.726 64,572,096 8.58
ATAC-seq S8  Steatosis 38,517,934  88.69 24,053,689 23,355,045 0947 0965 30.283 48,107,378 15.73
ATAC-seq S9  Steatosis 37,068,818 97.73 21,180,301 20,297,351 0936 0963 29356 42,360,602 25.88
ATAC-seq S10  Steatosis 45,326,926 96.6 31,777,102 31,327,667 0974 0978 46.837 63,554,204 3.88
ATAC-seq S11  Steatosis 39,257,688  97.92 28,486,170 28,231,992 0976 0.979 47937 56,972,340 233
ATAC-seq S12  Steatosis 41,260,935 97.49 28,987,130 28,590,725 0.97 0.974 39.118 57,974,260 3.01
ATAC-seq S13  Steatosis 39,144,562 98 27,767,522 27,294,895 0968 0.974 39576 55,535,044 14.82
ATAC-seq S14  Steatosis 36,726,706 97.95 18,697,086 17,896,692 0.931 0.971 38.762 37,394,172 19.99
ATAC-seq S15 Steatosis 44,258,659  98.01 31,840,113 31,590,256 0971 0973 3766 63,680,226 3.67
ATAC-seq S16  Steatosis 34,627,309 98.25 24,284,265 23,926,454 0.952 00956 22637 48,568,530 4.09
ATAC-seq S17 Steatosis 30,146,457  97.58 21,434,866 20,926,433 0958 0.965 29.857 42,869,732 18.02
ATAC-seq S18 Steatosis 35,623,164 98.06 25,085,724 24,713,880 0.962 0.966 29939 50,171,448 2.33
ATAC-seq S19 Steatosis 32,202,050  97.69 22,690,629 22,302,683 0968 0.972 36.622 45,381,258 5.31
ATAC-seq F1  fNASH 41,972,912 90.66 24,999,637 24,295,448 0.944 0966 30.833 49,999,274 15.14
ATAC-seq F2  fNASH 36,328,466  89.03 24,710,621 24,215,004 0972 0981 55494 49,421,242 557
ATAC-seq F3  fNASH 42,112,475 96.45 22,184,474 21,477,269 0.938 0975 43797 44,368,948 19.64
ATAC-seq F4  fNASH 33,374,856 97.51 17,310,177 16,593,707 0.941 0.981 61.075 34,620,354 1448
ATAC-seq F5  fNASH 48,718,809 92.95 30,249,234 29,492,114 0.939 00955 22728 60,498,468 12.82
ATAC-seq F6  fNASH 34,441,796 97.94 22,834,839 22,406,271 0935 0942 17.397 45,669,678 9.65
ATAC-seq F7  fNASH 50,583,935  98.37 36,928,078 36,545,320 0964 0.967 31.009 73,856,156  2.75
ATAC-seq F8  fNASH 47,820,895 98.19 33,137,982 32,485,825 0.943 0952 21.277 66,275,964 20.19
ATAC-seq F9  fNASH 34,913,899 97.6 23,004,148 22,678,142 0963 0.97 34621 46,008,296 12.16
ATAC-seq F10 fNASH 41,189,836 97.75 25,680,815 25,479,019 0.943 0948 19.302 51,361,630 16.23
ATAC-seq F11  fNASH 33,807,906  97.47 20,993,355 20,748,200 0954 0.963 27.351 41,986,710 9.88
ATAC-seq F12  fNASH 35,340,196 98.11 16,697,422 16,261,806 0903 0.956 25.029 33,394,844 31.75
ATAC-seq F13  fNASH 41,494,137 98.09 22,157,186 21,740,642 0926 096 27.172 44,314,372 28.73
ATAC-seq F14 fNASH 31,988,959 97.36 19,742,110 19,453,355 0.95 0.965 29.742 39,484,220 26.48
ATAC-seq F15 fNASH 33,261,627 98.36 21,058,448 20,494,281 0.953 0971 37.313 42,116,896 19.14
ATAC-seq F16  fNASH 59,822,580 98.14 39,692,097 39,079,020 0942 0.953 21.72 79,384,194 20.38
ATAC-seq F17 fNASH 44 033,686 98.29 27,839,076 27,142,524 0938 0.959 25814 55,678,152 26.11
ATAC-seq F18 fNASH 43,324,306  98.26 22,765,064 22,147,927 0909 0.948 20.417 45,530,128 29.14
ATAC-seq F19 fNASH 42,703,489 98.3 22,160,766 21,517,686 0.906 0948 21.061 44,321,532 32.76
ATAC-seq F20 fNASH 48,689,030  97.81 30,089,080 29,420,073 0934 0.956 25.091 60,178,160 30.65
ATAC-seq F21 fNASH 46,063,935 97.09 25,430,585 24,746,270 0.931 0.962 28434 50,861,170 249

De-duplicated pairs: Remove unmapped, not primary alignment, MAPQ < 30 and duplication.

NRF (non-redundant fraction) = distinct read/total reads, PBC1 (PCR bottleneck coefficient 1) = one read/distinct read, PBC2 (PCR bot-
tleneck coefficient 2) = one read/two read. The preferred values are as follows: NRF > 0.9, PBC1> 0.9, and PBC2 > 3.

FRiP should be >30, though values greater than 20 are acceptable.

separate clusters. This result was also supported by principal
component analysis (PCA) (Fig. 2B). PCA classified steatosis
and fibrotic NASH along the PC1 axis. The correlation coeffi-
cient between samples within the steatosis group was up to
0.97 and the fibrotic NASH group showed a slightly higher
correlation coefficient (Figs. 2A and 2C). The high correlation

of the ATAC-seq signal between each of the three stages
demonstrated high reproducibility. The ability to cluster sam-
ples by their disease stage also showed significantly different
chromatin accessibility between these three NAFLD stages.
The sequencing track of liver fibrogenesis signature genes
(Col1a1, Acta2) (Elbadawy et al., 2020; Seki et al., 2007)

Mol. Cells 2022; 45(5): 343-352 347



ATAC-Seq of NAFLD Progression
Byeonggeun Kang et al.

Color Key

A B

05 1
Value

S9
N4
S3
S5
F8
F12
F13
F14
F16
F17
F18
F19
F20
F21

1004

Normal
@ Steatosis
@ Fibrotic NASH

PC 2 (11%)

-1004

00 200

0 100
PC 1(23%)

400 600

Steatosis S3

200

. Pearson Corr Coeff
0.97

Slope.
0.9563

600

Fibrotic NASH F20
400

+ Pearson Corr Coeff
. 0.971

Slope
0.9631

T T T T
0 200 400 600

Steatosis S9

T T T T T
0 200 400 600 800

Fibrotic NASH F19

©-15)

Normal N4

[Ty
Steatosis S5

Fibrotic NASH F17

L

o

s ————e— o

Coltat

Acta2 Fas

Fig. 2. Evaluation of the ATAC-seq data sets. (A) Heatmap clustering of correlation coefficients across 14 ATAC-seq profiles. This
heatmap shows the Pearson Correlation coefficients of all pairwise comparisons. (B) Principal component analysis (PCA) results of
14 samples (>20 FRiP). Each point represents an ATAC-seq sample. Samples with similar chromatin accessibility profiles are clustered
together. (C) Peak correlation scatterplot. For each pairwise comparison, scatter plots were generated plotting the tag numbers of sample
S9 against S3, F19 against F20 for each merged region. In addition, the slope is a measure for the average ratio in tag numbers between
the two samples. (D) Genome browser views of ATAC-seq signal for the indicated fibrosis signature genes (Col1al, Acta2).

showed a strong signal in fibrotic NASH samples (Fig. 2D).
Thus, these data suggest that our ATAC-seq analyses could
detect accessible chromatin regions in the NAFLD patient
genome and could be used as a reference dataset for future
studies.

Identification of DARs

To select differentially accessible peaks, DiffBind protocol,
originally intended for ChIP-seq data, which constructs a
consensus read count matrix from MACS2, was used. When

348 Mol. Cells 2022; 45(5): 343-352

10 fibrotic NASH samples were compared with 3 steatosis
samples, 272 up-regulated and 1,137 down-regulated DARs
were identified (Figs. 3A-3C). Functional enrichment analysis
was performed on 1,137 down-regulated regions. Signif-
icant terms of enriched Gene Ontology were listed in Fig.
3D. Functional enrichment analysis of more closed regions in
fibrotic NASH confirmed that these regions were near genes
related to hormone response, cell cycle, and liver develop-
ment. The other DAR results are presented in Supplementary
Tables S3-S8.
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regulation of cholesterol transport 2.06E-04 1.50E-02

Fig. 3. Identification of DARs associated with NAFLD progression. (A) Number of DARs (up-/down-regulated regions) when comparing
disease stages one another. Threshold: FDR < 0.05; FDR: false discovery rate (adjusted P value, Benjamini-Hochberg procedure). (B)
Heatmap of ATAC-seq signal around DARs when comparing fibrotic NASH to steatosis. (C) Average profile of ATAC-seq signal around
DARs when comparing fibrotic NASH to steatosis. (D) Functional enrichment analysis. Fourteen regions (1.2%) are not associated with
any genes. GO Biological Process (down-regulated in fNASH: 1,137 regions) was shown.

Mol. Cells 2022; 45(5): 343-352 349



ATAC-Seq of NAFLD Progression
Byeonggeun Kang et al.

Transcription factor binding motif and de novo motif anal-
yses

To further characterize these DARs, we performed the tran-
scription factor binding site enrichment and de novo motif
analyses on the 272 regions that were up-regulated in fibrot-
ic NASH and the 1,137 regions that were down-regulated in
fibrotic NASH when compared to steatosis (Fig. 4). As NAFLD
progresses from steatosis to fibrotic NASH, factors such as
E2F6, ELF3, RBPJ, ETV4, IKZF1, OSR2, ETV1, ZKSCAN5, GAB-
PA, SPIC, and EWSR1-FLI1 may play an important role in the
regions where chromatin is open, and factors such as ETV1,
EHF, GABPA, IKZF1, ELF3, ELF5, SPI1, ELF1, ETV4, STAT2,
ZNF384, and IKZF1 in the regions where chromatin is closed.
These factors could be promising diagnostic biomarkers that
accurately discriminate the stages of NAFLD progression.

DISCUSSION

In the present study, ATAC-seq analysis was conducted to
define the changes in chromatin accessibility in liver tissues
from healthy controls, steatosis, to fibrotic NASH. Our human
liver ATAC-seq data generated for different stages of the
NAFLD cohort also suggested open chromatin regions were
specifically up- or down-regulated in fibrotic NASH tissues
compared to steatosis tissues.

Analysis of high-quality ATAC-seq data obtained from bi-
opsy samples of 44 patients with NAFLD revealed 112,303
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merged peak regions (Fig. 1, Supplementary Table S1). These
chromatin accessibility profiles identified stage-specific DNA
regulatory elements that allow the classification of NAFLD
subtypes with newly recognized prognostic importance. We
also found 1,648 DARs, showing differences in chromatin
openness among the three groups of patients (Fig. 3A, Sup-
plementary Tables S3-S8). In addition, we determined 23
new biomarker candidates through transcription factor (TF)
binding motif enrichment and de novo motif analysis (Fig. 4,
Supplementary Tables S9 and S10).

For example, among the candidates, the chromatin acces-
sibility of EWSR1-FLI1 motif-enriched regions was specifically
upregulated in fibrotic NASH (Fig. 4B, upper). EWSR1-FLI1
has an enhancer-regulating role in Ewing sarcoma through
divergent chromatin remodeling mechanisms (Riggi et al,
2014). An integrated analysis of chromatin states of Ewing
sarcoma showed that EWS-FLIT could function as a pioneer
factor in generating enhancers de novo at repeat elements
or inhibiting conserved enhancers by competing with endog-
enous erythroblast transformation specific (ETS) factors. The
ETS transcription factor family might be functionally relevant
for NAFLD progression since ESE3 overexpression suppressed
hepatocellular carcinoma (HCC) (Lyu et al., 2020). ETV4 is
positioned in the regulatory module of HCC progression (Kim
et al, 2018). The ETS family belongs to candidate TFs whose
binding motifs are enriched during the disease progression
(Fig. 4A). In addition, SPIC could be a transcription factor that
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Fig. 4. Transcription factor binding motif analysis and de novo motif analysis. (A) Enrichment analysis of JASPAR transcription factor (TF)
binding site. The top 10 TF were indicated. (B) Top 1 motif/4 motifs from de novo motif analysis at the 272/1,137 differentially accessible
chromatin regions which are more open/close in fibrotic NASH when compared to steatosis.
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plays a role in the activation of a hepatic stellate cells, which
is critical in fibrosis (Marcher et al., 2019). Another attractive
candidate is GABPA since it appears in the gene list of both
open and closed chromatin. In a previous report by Lake et al.
(2016), it was shown that the decreased expression of GAB-
PA may cause down-regulation of its target genes in NASH. It
is suggested that these factors could be promising diagnostic
and therapeutic biomarkers.

Identifying open chromatin regions is the first step in un-
derstanding the regulatory function of non-coding regions,
which are not revealed in gene expression changes. Howev-
er, chromatin accessibility is not always correlated with tran-
scription because histone modifications and DNA methylation
status as well as an access to DNA also affect both transcrip-
tion initiation and its output. Thus, it is necessary to integrate
chromatin accessibility with other epigenetic data sets, such
as whole-genome bisulfite sequencing and histone modifica-
tion data (Choi et al., 2020; Gelbart et al., 2009; Shia et al.,
2006). The integration of RNA-seq and ATAC-seq will help
to find factors whose expression is sufficient for both motif
protection and nucleosome positioning. This may enable the
development of a quantitative model that links the accessibil-
ity of regulatory elements to the expression of the predicted
target gene.

In conclusion, the present study will help us understand
the epigenetic regulation of the NAFLD progression. Future
efforts to combine the genome with the epigenome will pave
the way for dealing with the non-coding genome in NAFLD.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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